Nuclear hormone receptors (NHRs) are major regulators of development and homeostasis in multiple organ systems. These proteins are ligand-modulated transcription factors that regulate gene expression in response to changes in circulating levels of their cognate hormones or hormone analogs. When NHRs bind ligands, they adopt distinct conformations that enable or disable the binding of coregulator proteins in a manner that reflects the agonist versus antagonist character of the ligand. Using the estrogen receptor ligand binding domain as a representative member of the NHR family, we show the development of functional protein microarrays and use them to explore coactivator recruitment and NHR homo-and heterodimer functionality. These NHR protein microarrays can be fabricated in either a forward mode (coactivator recruited to printed NHR) or a reversed mode (NHR recruited to printed coactivator). From these microarrays, we can predict the potency and pharmacological character of various NHR ligands through the nature of their coactivator recruitment. Additionally different coactivator proteins can be functionally classified and their affinity for NHRs can be quantified. NHR-selective antagonist ligands and small molecule coactivator mimics disrupt the coactivator-NHR complex. This novel proteomic approach was also used to assess coactivator recruitment to explore heterodimer functionality. Heterodimers of the estrogen receptor were found only to recruit coactivators when both monomers are bound with agonist ligands, an observation that provides an insight into the complex biology of hormones that act on tissues containing both NHR subtypes. We can extend this NHR proteomic approach to the analysis of multidomain full-length NHR constructs and can concurrently monitor the activation state of different classes of NHRs with a mixture of endogenous or synthetic ligands of varying NHR selectivity and pharmacology. There is great interest in the complex pharmacology of agents that act through members of the nuclear hormone receptor (NHR) 1 superfamily. The human genome project suggests that this superfamily consists of 48 different proteins, most of which are ligand-modulated transcription factors that regulate gene expression in response to changes in circulating levels of their cognate hormones or various hormone analogs (1). Alteration in activity of different NHRs leads to various pathological states from obesity and diabetes mellitus to various hormone-sensitive carcinomas. Although there are some NHRs whose activity is modulated independently of ligand binding (2), the majority of NHRs exist in a physiologically silent state when unliganded. After ligand binding, NHR transcriptional activity is mediated by receptor-ligand interaction with a series of coregulatory proteins, the most well defined of which are the p160 steroid receptor coactivators (SRC1, -2, and -3) (3, 4). The binding of agonists to NHRs stabilizes a conformation that engenders their interaction with the SRCs through the binding of specific nuclear receptor box domains on the coactivator (NR-boxes with the consensus sequence LXXLL) to a hydrophobic groove on the receptor; by contrast, the binding of antagonists stabilizes a different NHR conformation that disfavors interaction with NR-boxes and may instead lead to interaction with specific regions within corepressor proteins (5). The milieu of NHRs and the nature and levels of NHR subtypes and of coregulatory proteins are known to differ from tissue to tissue. In this way the circulating hormonal ligand of an NHR can initiate different physiological responses in different target tissues and cells.
There is great interest in the complex pharmacology of agents that act through members of the nuclear hormone receptor (NHR) 1 superfamily. The human genome project suggests that this superfamily consists of 48 different proteins, most of which are ligand-modulated transcription factors that regulate gene expression in response to changes in circulating levels of their cognate hormones or various hormone analogs (1) . Alteration in activity of different NHRs leads to various pathological states from obesity and diabetes mellitus to various hormone-sensitive carcinomas. Although there are some NHRs whose activity is modulated independently of ligand binding (2) , the majority of NHRs exist in a physiologically silent state when unliganded. After ligand binding, NHR transcriptional activity is mediated by receptor-ligand interaction with a series of coregulatory proteins, the most well defined of which are the p160 steroid receptor coactivators (SRC1, -2, and -3) (3, 4) . The binding of agonists to NHRs stabilizes a conformation that engenders their interaction with the SRCs through the binding of specific nuclear receptor box domains on the coactivator (NR-boxes with the consensus sequence LXXLL) to a hydrophobic groove on the receptor; by contrast, the binding of antagonists stabilizes a different NHR conformation that disfavors interaction with NR-boxes and may instead lead to interaction with specific regions within corepressor proteins (5) . The milieu of NHRs and the nature and levels of NHR subtypes and of coregulatory proteins are known to differ from tissue to tissue. In this way the circulating hormonal ligand of an NHR can initiate different physiological responses in different target tissues and cells.
This cascade of NHR responses is initiated by the ligand.
Therefore, it is easy to see the importance of fully characterizing each new ligand for the pharmacological response that it elicits from a particular NHR. Various methods developed to assay ligand-regulated coactivator binding to NHRs can generically be called coactivator-dependent receptor ligand assays (CARLAs) (6) . CARLAs provide information not just on ligand binding but also enable prediction of the pharmacological nature of the ligand (i.e. agonist versus antagonist) based on its ability to recruit coactivators, information that is typically obtained by cell-based assays in which the transcription of endogenous or reporter genes under the control of a specific NHR is measured. However, the result can vary with different cell types and response elements. Current genetic and proteomic approaches focus mostly on ligand pharmacology for a specific NHR; they lack the global proteomic high throughput versatility to analyze in a single setting the pharmacological effects of various endogenous, synthetic, or environmental ligands on different members of NHRs.
In this report, we develop a NHR CARLA in a protein microarray format on glass slides. We exemplify these assays using both subtypes of the estrogen receptor (ER), ER␣ and ER␤ (7) , which are important regulators of estrogen action in both men and women (8) , as well as the thyroid hormone receptor (TR), a key mediator of metabolic activity. We can accurately monitor the ability of various ligands to increase or decrease the activation state of ER homo-and/or heterodimer ligand binding domains (LBDs) by quantifying the interaction of the NHR-ligand complex with different coactivators; these results are in excellent agreement with the more cumbersome ER genomic transactivation studies. These NHR microarrays were used to screen for synthetic compounds that reduce ER activity by either competing with agonist ligands or with coactivator proteins, compounds that could lead to improved treatment strategies of hormone-sensitive or -resistant breast carcinomas. For the first time, we also show that ER␣/␤ heterodimers only respond to coactivators when both monomers are bound with agonist ligands, shedding light into the complexity of the biological effects of estrogens in cells containing both subtypes of this NHR. In addition to ER-LBDs, we have extended our NHR microarray approach to full-length ER and can also simultaneously monitor the activation state of different classes of NHRs, ER and TR, in the presence of estrogens and thyroid receptor ligands. Protein Preparations-The LBD of the human ER␣ (amino acids 304 -554) and the corresponding LBD of the human ER␤ (amino acids 256 -505) were expressed from a pET-15b vector in BL21(DE3)pLysS E. coli using methods reported previously (9) . ER-LBD mutants with a single reactive cysteine were constructed as previously reported (10) . Constructs of p160 SRC1 (amino acids 629 -831 encompassing NRD boxes 1-3), SRC3 (amino acids 627-829 encompassing NRD boxes 1-3), and vitamin D receptor-interacting protein (DRIP205) (amino acids 527-714) were prepared in a pET-15b vector by Arvin Gee (SRC1 (11) ) and Ramji Rajendran (SRC3, DRIP205) and expressed in E. coli. All protein constructs were His 6 -tagged at the N terminus to allow purification and labeling while the protein was immobilized on a nickel resin (10) . The proteins were purified to near homogeneity, as determined by SDS-PAGE, using a procedure modified from the Novagen pET Systems Manual and conducted as reported previously (9, 10) . The ER-LBD mutant constructs were labeled, in a site-specific manner at a single cysteine with one fluorophore per protein, as reported previously (10) . The ERs were assayed for binding activity with [ 3 H]E 2 and for coactivator recruitment by a fluorescence polarization experiment in solution. The SRC1 construct containing NRboxes 1-3 (residues 629 -831, termed SRC1-NRD) has 5 cysteines (11), and the corresponding SRC3 peptide (NR-boxes 1-3, residues 627-829, termed SRC3-NRD) has 4 cysteines. The SRC proteins were labeled in the same manner, and the extent of the labeling (ϳ2 fluorophores/protein) was determined as described below.
EXPERIMENTAL PROCEDURES

Materials-Compounds
SRC-Fluorophore Characterization-The SRC-NRD peptides have multiple cysteines and were not site-specifically labeled. The SRC1 construct has 5 cysteines, and the SRC3 peptide has 4 cysteines. The extent of the fluorophore labeling was determined by mass spectrometry on a Voyager-DE STR MALDI-TOF mass spectrometer. While the unlabeled peptides gave very nice spectra, the labeled peptides gave a low signal. As another way to determine the amount of labeling, the peptides were diluted into 4% Na 2 CO 3 in 0.1 N NaOH with 0.02% CuSO 4 and 0.04% sodium tartrate (Reagent C for the Lowry protein determination) (12) . The absorbance was measured at 554 nm for Cy3-labeled peptides and at 656 nm for Cy5. The absorbance was compared with a standard curve created with the singly labeled ER-LBD proteins. The absorbance of Cy3 was 0.0937/mol of ER, and for Cy5 at 656 nm it was 0.0808/mol of ER. The Folin reagent was then added to the same protein solution, and the absorbance of the Lowry protein determination was measured at 750 nm. Full absorbance scans showed no overlap of the fluorophore absorbance at 750 nm. However, the absorbance of the fluorophores overlapped into the ranges of other more modern protein assays, such as the Bradford assay (13) .
Printing on Slides-The proteins were printed, as 1-nl spots, on SuperAldehyde slides as reported previously (14) . Briefly the proteins were prepared in 50 mM MOPS, pH 8.0, 40% glycerol, and spotted by the SpotBot Microarray Robot using SMP3 pins. The humidity in the robotic chamber was controlled to be 65-70%, and the temperature was maintained at 15°C. Each sample of protein was spotted in quadruplicate. After printing, the slides were allowed to incubate for 3 h at 65-70% humidity. Each subarray was isolated with a hydrophobic barrier drawn with a PAP pen. The slide was then washed and blocked in 3% BSA in 50 mM MOPS buffer, pH 8.0, 0.01% sodium azide. A ligand/coactivator solution (for forward arrays) or ligand/ER solution (for reversed arrays) in 3% BSA in MOPS buffer was added to the box defined by the PAP pen lines. This was incubated for 1 h at room temperature in the dark. The unbound ligand or coactivator was washed away with the same buffer. The slide was dried by a brief centrifugation (1 min) at 1500 rpm (400 ϫ g) in a disposable 50-ml centrifuge tube with an absorbent pad in the bottom. The arrays were typically used within 2 days, but they can be stored in the BSA-MOPS buffer in the refrigerator for up to 3 months with no change in activity. Full-length ERs were hand-printed as 1-l spots and treated similarly to LBD-NHR microarrays.
Imaging-Imaging was done at the Functional Genomics Biotechnology Center at the University of Illinois using a double laser scanner at 535 and 635 nm (Axon Instruments). The laser was powered by GenePix Pro 4.0. The photomultiplier tube voltage was set to 550, and the gain was set to 33%. The intensity of the spots was calculated with the GenePix program as pixel intensity, and the data were transferred to Prism 4.0 for graphing. Typically the fluorescence intensity was considered to be the mean value of a constant diameter circle.
RESULTS
Forward and Reversed NHR Protein
Microarrays-LBDs of ER␣ and ER␤, engineered to have only 1 reactive cysteine, were expressed in E. coli, purified, and fluorophore-labeled in a site-specific manner as reported previously (10, 15) . We have shown that these receptors maintain near-native binding affinity for estradiol (E 2 ) and the ability to recruit coactivator proteins (10, 15) . NRDs (protein fragments with three NRboxes) from SRC1 and -3 were similarly expressed and fluorophore-labeled (see "Experimental Procedures"). The SRCNRDs have 4 (SRC3) or 5 (SRC1) cysteines per peptide. Of these, an average of 1.8 -2 were labeled with the cysteinereactive fluorophores as determined by both MALDI-MS and the fluorophore absorbance/Lowry protein assay (see "Experimental Procedures," data not shown). The sites of labeling on these coactivator constructs were not identified. The ER-LBD constructs were site-specifically labeled with a 1:1 fluorophore:protein stoichiometry at their corresponding single reactive cysteine residues (10). We have also used, without labeling, purified full-length ER␣ and ER␤ from PanVera and the LBD of TR as other examples of NHR proteins.
Previously we have shown that ER-LBDs, when spotted as protein arrays on aldehyde slides, retain their ability to bind ligands as measured with an estrogen-fluorophore conjugate ligand, EE 2 -Cy3 (14) . We now show that protein microarrays can be used to quantitate coactivator recruitment, operating in a manner that replicates ER subtype ligand binding affinity and transactivation selectivity with high fidelity. These microarrays can be used, quantitatively and conveniently, to predict the potency and pharmacological character of various ligands through coactivator recruitment and to assess the affinity of the ER-LBD/SRC interaction.
We have taken two approaches in constructing the NHR protein microarrays: (a) they can be fabricated in a "forward" manner (print receptor-recruit fluorophore-labeled coactivator) or (b) in a "reversed" manner (print coactivator-recruit fluorophore-labeled receptor) (Fig. 1 ). The NHR activation was followed by quantifying recruitment of the fluorescent partner to submicroarrays (quadruplicate spots isolated as subarrays by barriers drawn with a hydrophobic pen) prepared from unlabeled NHR in the forward or from unlabeled coactivator in the reversed microarray format. After blocking excess reactive aldehyde sites on the glass slide with BSA, each submicroarray was incubated with ligand plus fluorophore-labeled coactivator in the forward or fluorophore-labeled ER-LBD in the reversed microarray format. Following incubation, they were washed, dried, and scanned (see "Experimental Procedures" for details). In all experiments, the NHRs were printed in the apo state and allowed to bind to the slide before introducing ligand to prevent the selective attachment to the slide seen with preliganded NHRs (14) . In both the forward and reversed NHR protein microarrays, the fluorescence "background," that is the fluorescence intensity noted outside of the array spots, reflects nonspecific binding of the fluorophore-labeled protein component (SRC in forward arrays and ER-LBD in reversed arrays). Interestingly background in reversed arrays was 10-fold lower, indicating that the fluorescent ER-LBDs show less nonspecific binding to the BSA-blocked glass slides than fluorescent SRC-NRDs. This difference likely reflects the fact that the LBDs are known to be tightly folded, whereas the SRC-NRDs are thought to be unstructured until they bind to the NHRs. or antagonists (Fig. 2) . A list of ligands with their relative binding affinities (RBAs, compared with estradiol set at 100%) and their known biocharacters as determined through ER transactivation studies is listed in Table I . Submicroarrays containing both ER␣ and ER␤ homodimers incubated with agonists (E 2 , DES, and estriol) were able to recruit fluorescently labeled SRC1-NRD, whereas those incubated with antagonists (TOT, raloxifene, and ICI 182,780) did not recruit coactivator (Fig. 2) . Thus, we can simultaneously, on a single submicroarray panel, follow the ability of a natural or synthetic ligand to activate or deactivate several NHRs. Recruitment was specific because ER denatured by heating (80°C for 5 min) failed to recruit coactivator proteins, and excess unlabeled SRC-NRD blocked recruitment of the labeled coactiva- tor (data not shown); results with SRC3 were similar (data not shown). We find a low level of SRC recruitment to the apoERs, especially to ER␤, as noted by others (16, 17) , consistent with the higher basal transcriptional activity of ER␤ (18) . Notably antagonists reduce coactivator recruitment to ER␤ to levels below that of apo-ER␤ (Fig. 2) . In reversed arrays, receptor titrations can be used to measure the coactivator binding potency and efficacy to specific subtypes of ER-LBD homodimers (Fig. 3) . The fluorophore is attached to the ER-LBD; thus, differences in the absolute fluorescence intensity of NHR-coactivator complexes highlight varying efficacy of recruitment to the coactivator in the presence of estradiol. This reversed microarray approach simultaneously, on a single submicroarray panel, monitors the binding characteristics of a particular NHR for various coactivator proteins. SRC3 had potency (K d ϭ 7.9 nM) and efficacy preference for ER␣, whereas SRC1 is recruited to ER␤ with a slightly higher efficacy and potency (6.5 nM) than was SRC3 (10.5 nM). The potencies (the K d values) obtained for these p160 coactivator proteins are comparable to those measured in solution (19, 20) .
NHR Microarrays Can Predict Ligand Biocharacter Along with the Potency and Level of Coactivator Binding-Using
Monitoring the Selective Ligand-regulated Activation of Different NHR Subtypes-When coactivator microarray recruitment is done in a reversed microarray format as a ligand titration with fixed ER and SRC-NRD concentrations, we can characterize the pharmacology and potency of various ER ligands to activate or deactivate a particular subtype of the ER-LBD (Fig. 4) . The potency, ER␣ versus ER␤ selectivity, and pharmacological character of E 2 (subtype-nonselective agonist); the synthetic ligands PPT (ER␣-selective agonist), MPP (ER␣-selective antagonist), and DPN (ER␤-selective agonist); and the natural ER␤-selective phytoestrogen genistein determined by coactivator recruitment on reversed recruitment microarrays (Fig. 4, right) agree well with the data from cellbased transactivation assays (Fig. 4, left; see Table I for information on ligands). The subtype-selective agonist ligands recruit principally one ER subtype, consistent with their selective affinities (RBAs, see Table I ), the ER␣-selective agonist PPT recruits more ER␣, and the ER␤ agonists DPN and genistein recruit more ER␤; E 2 shows essentially no subtype selectivity in recruitment. In the antagonist mode, where the subtype-selective ligand is titrated against 10 nM E 2 , the ER␣-selective antagonist MPP reversed the recruitment of ER␣ but had little effect on ER␤ recruitment. Thus, these ligand concentration-dependent coactivator recruitment assays, done in a reversed microarray format, provide information that is remarkably equivalent to that obtained by genomic cell-based reporter gene transcription approaches.
NHR Microarrays to Study the Effectiveness of Coactivator Binding Inhibitors (CBIs) for Disrupting NHR-Coactivator
Interactions-Elsewhere we have described the synthesis of small molecules that act as CBIs by binding directly with the hydrophobic groove in agonist-liganded ER␣-LBD (19) . A series of triazine and pyrimidine CBI analogs were prepared and 
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evaluated. Previously we assayed (19) this binding competition by a fluorescence polarization method that monitored the displacement of a single fluorophore-labeled NR-box peptide by the CBI. Here we show that reversed microarrays can be used to effectively show the competition of these CBIs with coactivator proteins belonging to different families, p160 (SRCs) versus the mediator (DRIP205) coactivator proteins.
As shown in Fig. 5 , the pyrimidine CBI was effective in blocking ER␣-LBD interaction with SRC1 and SRC3, both p160 coactivators, and with DRIP205, a member of the mediator family of coactivator proteins (21, 22) . While the interaction of ER with DRIP205 has a lower efficacy than with either SRC1 or SRC3, there is a definite lowering of this interaction as the CBIs are titrated into the assay. The IC 50 measured for the pyrimidine CBI with SRC1 (31 M) was very close to that measured by fluorescence polarization (29 M) (19) . A close structural analog of this CBI with a triazine core in place of the pyrimidine was shown previously to be ϳ20 times weaker in its interaction with the ER␣-estradiol complex (19) . It was unable to compete the SRCs but could effectively compete the lower affinity DRIP205 (Fig. 5) (19, 20) .
Dual Color Microarray Analysis to Explore NHR Heterodimer Functionality-A number of NHRs function as heterodimers with another NHR (as is the case of the peroxisome proliferator-activated receptors and the retinoic acid receptors that heterodimerize with retinoid X receptor) or as heterodimers with another subtype of the same NHR (as is the case of ER␣ and ER␤). The biological consequences of homo-versus heterodimer activation of NHRs remain to be elucidated mainly due to the technical limitations of specifically evaluating the degree of NHR heterodimer activation within a complex mixture containing both receptors. An unanswered issue in ERcoactivator interaction is under what conditions ER␣/ER␤ heterodimers are capable of coactivator recruitment. A particular advantage of the reversed NHR microarray approach is that several NHRs labeled with different fluorophores (Cy3 or Cy5) can be used to simultaneously and selectively decipher the activation state of homo-and heterodimer populations of those NHRs.
As shown in Fig. 6 , we have used a two-color analysis approach to quantify the relative level of fluorescent ER␣-LBD (red) versus ER␤-LBD (green) recruitment to a reversed array of SRC1 in the presence of either E 2 or the subtype-selective agonist ligands PPT (ER␣-selective) or DPN (ER␤-selective). With E 2 , both ER subtypes are recruited as shown by the combination of green/red (yellow), whereas predominantly ER␣ is recruited with PPT (red) and ER␤ (green) with DPN. The homo-versus heterodimer recruitment reflects the relative subtype selectivity of the two ligands, and it suggests that ER␣/␤ heterodimers are ineffective in coactivator interaction when only one monomer is occupied by an ER agonist and that only ER dimers that are doubly liganded with agonists are competent to interact with coactivators.
Application of Forward Microarrays to Study the Pharmacology of NHRs with Multiple Domains or NHRs Belonging to Different Classes-NHRs are multidomain receptors containing domains A-F with the C domain comprising the DNA binding regions and the E domain containing the LBD (23).
While we used the E domain (LBD) of both ER subtypes in most of our NHR microarrays, we were interested in using full-length ERs that contain the A-F functional regions of the receptor, including the activation function 1 region within the A/B domain of the receptor that may have a synergistic role in coactivator recruitment (24) .
We found that baculovirus-expressed and purified fulllength ER␣ and ER␤ work well in forward microarrays, and we can quantify their state of activation through ligand-dependent coactivator recruitment (Fig. 7) . Due to the lower concentration of the baculovirus-expressed full-length ERs, which were purchased from a commercial source (PanVera), we hand-printed microliter volumes of full-length ERs (versus nanoliter volumes for the LBD) to fabricate the reversed microarrays. Nonetheless we found that the full-length ER subtypes behave much like the corresponding LBDs with agonist ligands increasing and antagonist ligands decreasing the activation state of the receptor compared with apo-ERs (Fig. 7) . Once again, the apo-ER␤ shows a higher basal coactivator recruitment compared with apo-ER␣ in agreement with previously reported results from ELISA-based CARLAs (17) .
We can simultaneously monitor the activation state of several NHRs belonging to different classes and do so with a mixture of ligands exhibiting selective binding affinities and pharmacological characters for either NHR. We prepared forward microarrays containing both ER␣-LBD and TR-LBD and screened the selective activation of these NHRs in the presence of their cognate agonist ligands (E 2 for ER and T 3 for TR) and an estrogen antagonist (TOT) (Fig. 8) . There is low but measurable recruitment of fluorescent SRC1 to both apo-ER␣-LBD and apo-TR-LBD. In the presence of E 2 , however, SRC1 recruitment to ER␣-LBD is enhanced and that to TR is actually decreased. By contrast, there is a selective marked increase in coactivator recruitment to TR in the presence of T 3 . Notably our results show that TOT only competes with E 2 recruitment of SRC1 to ER, not to TR (Fig. 8) . These results are consistent with ligand competition assays showing that the ER ligands do not bind to TR 2 and that T 3 has no appreciable affinity for ER 3 and with Klinge (Ref. 25 and references cited therein) that the SRC coactivators bind to both ER and TR. The non-selective ligand E 2 results in recruitment of equivalent amounts of both ER␣ and ER␤, resulting in yellow spots (red plus green), whereas the subtype-selective ligands effect recruitment essentially only to their preferred ER subtype (PPT, ER␣ (red); DPN, ER␤ (green)), indicating that the ER␣/ER␤ heterodimers, presumed to be singly occupied with these ligands, are not effectively recruited. Values represent the mean Ϯ S.D.
FIG. 7.
Coactivator recruitment with full-length ER forward microarrays. Baculovirus-expressed and purified full-length ER␣ and ER␤ were hand-printed on aldehyde slides, blocked with BSA, and probed with a 1.2 nM solution of SRC1-Cy3 and 350 nM E 2 , TOT, or vehicle.
DISCUSSION
NHRs are major regulators of development and homeostasis whose genomic function derives from their role as ligandmodulated transcription factors. These receptors are known to be engaged in four elemental molecular interactions: 1) the formation of NHR homo-or heterodimers, 2) the binding to DNA response elements through the DNA binding domain of the NHRs, 3) the binding of ligands to the LBD of the NHRs, and 4) the interaction of the receptor with coregulator proteins, which is a ligand-regulated process. Various in vitro radiometric and fluorometric methods have been devised to measure these molecular interactions with the interaction of receptor with a coactivator protein serving as a molecular proteomic marker of NHR activation that can be used to characterize ligand pharmacology. The current assays to monitor NHR molecular interactions vary widely in their sensitivity, convenience, and degree of quantification.
Through earlier work, we showed that we could print NHRLBDs, both ER␣ and ER␤, on a standard aldehyde slide and demonstrate that the proteins retain their ability to bind ligand, the third molecular interaction listed above (14) . In this report, we describe the use of protein microarray methods to study the fourth molecular interaction, the ligand-modulated interaction of NHRs with coactivator proteins, exemplifying this interaction with the LBD and full-length versions of the two estrogen receptor subtypes, ER␣ and ER␤, in addition to the thyroid hormone receptor LBD. The NHR microarrays can be developed in a forward or in a reversed manner (Fig. 1) The pharmacological nature of a synthetic, endogenous, or environmental NHR ligand can be accurately predicted based on the ability of the ligand to promote (agonists) or inhibit (antagonists) coactivator recruitment to that ligand-NHR complex. Our NHR microarray results with the thyroid receptor LBD and both subtypes of estrogen receptor strictly follow the pharmacological character of the ligands used (Figs. 2, 7 , and 8 and Table I ) and thus can be predictive functional parameters of NHR activation with novel or unknown ligands.
We have monitored the interaction of both ER-LBD subtypes with the nuclear receptor p160 steroid receptor coactivators SRC1 and SRC3 in a sensitive, convenient, and remarkably quantifiable manner (Figs. 2 and 3) . The potency and pharmacological nature of subtype-selective ER ligands that we have developed can also be followed in a quantitative fashion (Fig. 4) . Our NHR microarray results are strikingly similar to those from cell-based transactivation assays (Fig.  4) , demonstrating the power of this proteomic microarray approach in following the molecular interaction that highlights the activation state of NHRs.
The manner in which various ligands affect the transactivation of the NHR-regulated genes is highly dependent on the cellular milieu of coregulator proteins, both coactivators and corepressors (3) . The tissue-specific expression of the p160 coactivator proteins (SRCs) is thought to be especially important in modulating the array of physiological consequences of NHR activation through specific agonist ligands. Using a reversed NHR microarray approach, we were able to quantitate the potency and level of SRC1 and SRC3 binding to both subtypes of estrogen receptor LBDs in the presence of their cognate agonist ligand, estradiol (Fig. 3) . We found a marked SRC3 efficacy preference for the E 2 /ER␣-LBD complex that was not evident for the E 2 /ER␤-LBD subtype of this receptor (Fig. 3) . It is of note that tissue-specific overexpression of SRC3, also known as Amplified in Breast Cancer 1, has been associated with the onset of tamoxifen resistance in breast cancer therapy (26) , while the overexpression of SRC1 is thought to determine the agonistic versus antagonistic nature of tamoxifen action in certain tissues, such as the breast and the uterus (27) . Thus, categorizing, at the molecular level, the binding characteristics of specific coactivators to a ligand-NHR complex could shed light onto the complex NHR-mediated signaling pathways that may be regulated by the cellular concentrations of coactivator protein.
Pharmacological intervention into NHR signaling is often implemented through the use of selective NHR antagonist ligands (28, 29) , which are used in the clinical setting for the treatment of carcinomas in both men and women. The identification and characterization of novel synthetic NHR antagonists is a critical component in the discovery of new therapeutic interventions for a number of pathological states. At the molecular proteomic level, the disruption of the agonist-NHRcoactivator tripartite complex is a marker of a compound with antagonist activity for a particular NHR (19, 30) . A small molecule could implement its antagonist activity for an NHR by competing at two distinct sites: (a) competing with the agonist ligand for the LBD of the receptor (i.e. an antagonist ligand) and/or (b) competing with the coactivator protein for the coactivator binding groove on the receptor (i.e. a CBI) (19, 31, 32). Our NHR microarrays can successfully identify NHRselective antagonist ligands as seen with MPP, which is an ER␣-selective antagonist with minimal effects on ER␤ (Fig. 4) .
Additionally the NHR microarrays can be used to highlight novel chemical entities with CBI activity, which compete with the coactivator at a subsequent step after agonist ligand binding to the NHR and can successfully inhibit coactivator recruitment to an agonist-NHR complex in the presence of high agonist ligand concentrations (Fig. 5) . We monitored the coactivator specificity of our pyrimidine and triazine CBIs on reversed microarrays composed of two distinct classes of coactivator proteins, the SRCs and DRIP205 (Fig. 5) (19) . DRIP205 belongs to a functionally distinct class of coactivators (21, 22, 33, 34) . Unlike the p160 coactivators that have intrinsic histone acetyltransferase activity, DRIP205 belongs to the mediator-like class of coactivators that are believed to interact with the basal transcription machinery (35) . While the pyrimidine CBI is more potent and can successfully compete with both classes of coactivator proteins, the triazine CBI shows selective inhibition of the DRIP205 coactivator and is ineffective in competing with the p160 family of coactivators (Fig. 5) . A potential limitation of CBIs might be their lack of specificity for a particular NHR or coactivator protein that could lead to a myriad of side effects due to inhibition of several NHR activities. Thus, the identification of CBIs that compete with specific classes of coactivator proteins through NHR microarrays could lead to pharmaceutical leads as second line NHR antagonist agents.
An additional complexity of NHR signaling is the mixture of physiological effects observed from homo-versus heterodimer NHR signaling. The estrogen receptor provides a well characterized example of the differential biological effects observed in the presence of both ER subtypes, which are capable of homo-and heterodimerization (7, 36, 37) . Cell-based transactivation studies have shown that ER␣ is a more potent transcription factor than ER␤ and that through heterodimerization the presence of ER␤ diminished the transcriptional output of ER␣ (37, 38) . This ER␤ reduction of ER␣-mediated transcriptional activity has recently been described through in vivo studies in mice as a "Yin Yang" relationship of estrogen signaling (39) . Furthermore homodimer signaling of ER␣ and that of ER␤ have opposing effects at an activator protein 1 site upstream of ER regulated genes (40) , while the effects of heterodimer signaling at such sites remain to be elucidated. Using a dual color reversed ER microarray approach, we found that when both ER subtypes are occupied with an agonist ligand (estradiol) they are functionally active and are capable of coactivator interaction, presumably as both homo-and heterodimers (Fig. 6) . With subtype-selective ligands, however, only the homodimers of the agonistbound ER subtype (ER␤ with DNP and ER␣ with PPT) are functional in the sense of being capable of coactivator interaction (Fig. 6 ). To our knowledge, this is the first reported evidence that partially agonist-occupied ER heterodimers are functionally inactive in terms of coactivator recruitment. This finding suggests that the opposing gene expression patterns and/or the Yin Yang signaling effects of ER␣ and ER␤ could be more effectively separated through the use of subtypeselective ligands. A recent report of heterodimers of the retinoid receptors shows a similar result: each monomer of a heterodimer complex must be occupied by an agonist for full-length SRC1 to bind to the retinoid receptors (41) .
In addition to LBDs of NHRs, we can also use full-length ER␣ and ER␤ in our NHR microarrays to explore the biology of various domains of these NHRs (Fig. 7) . Protein microarrays composed of full-length NHR constructs can be used to study the effects of receptor posttranslational modifications and NHR mutations associated with certain pathological states on coregulator recruitment in a highly efficient and high throughput manner. Furthermore we can concurrently monitor single or multiple ligand effects on the activation state of NHR of different classes, such as ER and TR (Fig. 8) . Such proteome profiling of NHR function can be used to identify endocrine disruptors that target specific NHRs or to discover cognate ligands for orphan NHRs.
CONCLUSIONS
Nuclear hormone receptor-coactivator recruitment was studied in a protein microarray format. As exemplified here with the NHRs ER␣, ER␤, TR, and their coregulator partners SRC1, SRC3, and DRIP205, the protein microarrays provide encouraging examples of the preservation of protein function in terms of ligand-regulated receptor-coactivator interaction. They display excellent retention of subtype-selective ligand potency and efficacy through receptor-coactivator recruitment along with the potential to quantify receptor-coactivator affinity. Using this technology, we showed that both monomers of an ER heterodimer must be bound with an agonist ligand to recruit coactivators. These results were obtained using relatively simple surface chemistry involving commercially available slides and purified proteins. Given the increasing sophistication of methods for the fabrication of protein microarrays, it appears likely that high throughput NHR and coregulator protein microarrays will prove useful in the discovery and quantitative analysis of NHR ligands and the analysis of receptor-coregulator interactions. ‡ To whom correspondence should be addressed: Dept. of Chemistry, University of Illinois, 600 South Mathews Ave., Urbana, IL 61801. Tel.: 217-333-6310; Fax: 217-333-7325; E-mail: jkatzene@uiuc.edu.
